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ABSTRACT 

Procedures and r e s u l t s  of tests of t h e  Hypersonic Research Engine 

(HRE) cowl lead ing  edge conf igura t ions  designed f o r  Mach number 8 f l i g h t ,  

are descr ibed.  Two 0.030 inch  l ead ing  edge r ad ius  conf igura t ions ,  one 

designed f o r  hydrogen coolant  f low p a r a l l e l  and one designed f o r  hydrogen 

coolant  flow perpendicular  t o  t h e  lead ing  edge w e r e  t e s t e d  t o  determine 

h e a t  t r a n s f e r  performance, thermal cyc le  performance and coolan t  f low 

d i s t r i b u t i o n .  Both h o t  gas and r a d i a n t  hea t ing  tests w e r e  performed. 

Resul t s  i n d i c a t e  t h e  thermal performance and 100 cyc le s  10 hour l i f e  

requirements w e r e  m e t .  
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I .  INTRODUCTION 

1 .  I PURPOSE AND SCOPE 

Tests  t o  determine heat  t r a n s f e r  and pressure  drop  performance o f  the  
brazed, r e c t a n g u l a r  o f f s e t ,  p l a t e - f i n  c o o l i n g  passage geometry were performed 
t o  v e r i f y  t he  da ta  used i n  des ign  o f  t h e  HRE c o o l i n g  passages. The pressure  
drop  i s  impor tan t  f o r  s p e c i f i c a t i o n  o f  t h e  coo l i ng -sys tem i n l e t  pressure, and 
o f  t h e  pressure  conta inment  c a p a b i l i t y  o f  t h e  e n t i r e  c o o l i n g  system, e s p e c i a l l y  
the  i n l e t  man i fo lds .  . F i n  heat  t r a n s f e r  performance c o n t r o l s  the  c ross -sec t i on  
temperature d i f f e r e n c e  which r e s u l t s  a t  t h e  l o c a l  h e a t i n g  c o n d i t i o n s  and, there-  
fore, c o n t r o l s  the  .low c y c l e  f a t i g u e  l i f e  o f  t h e  engine c o o l i n g  j a c k e t s .  

The two p r i n c i p l e  f i n  c o n f i g u r a t i o n s  used i n  the  r e g e n e r a t i v e l y  coo led  
sur faces o f  t he  HRE were tes ted .  These sur faces were used where the  heat  
f l u x e s  a r e  h ighes t  and c o n t r i b u t e  a s i g n i f i c a n t  f r a c t i o n  o f  t he  o v e r a l l  pres-  
su re  drop. They have geometries wh ich  a r e  d i f f e r e n t  from those p r e v i o u s l y  
t e s t e d  by AiResearch and o the rs .  The minimum Reynolds number a t  t he  Mach 8, 
88,000-ft a l t i t u d e  des ign  p o i n t  i s  above the  maximum test-Reynolds number 
p r e v i o u s l y  r e p o r t e d  f o r  s i m i l a r  f i n s .  The H a s t e l l o y  X m a t e r i a l  used f o r  f i n  
f a b r i c a t i o n  a l s o  produced p a r t i c u l a r  e f f e c t s  on the  f i n  geometry, as r e l a t e d  
t o  f i n - f o r m i n g  and t h e  e x i s t e n c e  o f  bu r rs .  
the  forward p a r t  o f  t h e  i n l e t  s p i k e  was n o t  t e s t e d  because ( I )  t he  geometry 
was unchanged f rom t h a t  p r e v i o u s l y  t e s t e d . b y  AiResearch, (2) t h e  heat  f l u x  
and c ross  s e c t i o n  temperature d i f f e r e n c e s  on the  s p i k e  produced minimum thermal 
f a t i g u e  problems, and (3) the  pressure  drop i n  t h i s  s e c t i o n  was moderate. 

A t h i r d  f i n  geometry used o n l y  on 

I .  2 APPLICABLE DOCUMENTS 

T h i s  s e c t i o n  n o t  a p p l i c a b l e  t o  t h i s  r e p o r t .  
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2. DESCRIPTION OF TEST UNITS 

The two t e s t  u n i t s  were designed and b u i l t  f rom H a s t e l l o y  X, and i n c o r -  
po ra ted  t h e  two most g e n e r a l l y  used f i n  geometries i n  t h e  HRE. Only one t e s t  
u n i t  i s  shown i n  F i g u r e  2-1, as b o t h  u n i t s  were i d e n t i c a l  i n  e x t e r n a l  c o n f i g -  
u r a t i o n .  The v e r t i c a l  tubes a r e  f o r  a i r f l o w  th rough the  two rows o f  t e s t  f i n s  
i n  each u n i t .  The h o r i z o n t a l  tubes a r e  f o r  water  f l o w  through one row o f  known- 
performance f i n s  i n  each u n i t .  S t a t i c  p ressure-sees ing  tubes and thermocouples 
f o r  b o t h  f l u i d s  a r e  dep ic ted .  

An edge view o f  t h e  t e s t  specimen and known f i n s  b e f o r e  attachment o f  
man i fo lds  i s  shown i n  F i g u r e  2-2. Nominal f i n  geometry i s  noted. A c ross-  
s e c t i o n  through the  a i r  man i fo lds  i n  F i g u r e  2-3 shows the  l o c a t i o n  o f  p ressure  
and temperature sensors and t h e  s t r a i g h t - d u c t  s e c t i o n s  i n  t h e  man i fo lds .  The 
laye rs  o f  f i n  were separated and bounded on e x t e r n a l  sur faces  by 2 4 - m i l - t h i c k  
H a s t e l l o y  X p l a t e s  and brazed w i t h  P a l n i r o - 1  a l l o y .  The f l o w  dimensions and 
o t h e r  geometr ic  c h a r a c t e r i s t i c s  o f  b o t h  t e s t  u n i t s  a r e  shown i n  Table 2-1 .  

An X-ray o f  b o t h  t e s t  u n i t s  revea led  t h a t  f i n s  near the  edge o f  one row 
o f  t e s t  f i n s  i n  b o t h  u n i t s  were b locked by braze a l l o y .  Th is  obse rva t i on  was 
conf i rmed by examinat ion  o f  t h e  sec t i oned  u n i t s .  
and t h e  reduc t i ons  i n  f low area and heat  t r a n s f e r  area a r e  no ted  i n  Table 2-1. 

The braze-blockage w i d t h  
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6561 5-4 

Figure 2-1. Cooled-Surface Performance Test U n i t  
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TABLE 2-1 

- 
F l u i d  

Nominal f i n s - p e r - i n .  o f  w i d t h  

A c t u a l  f i n s - p e r - i n .  o f  width,  N 
F i n  h e i g h t  between p l a t e s  (b) i n .  

F i n  th i ckness  ( t)  i n .  

O f f s e t  l e n g t h  (Lo) i n .  

Flow area (A) in .2  

T o t a l  heat  t r a n s f e r  area (AT) i n .2  

R a t i o  o f  f i n  area t o  t o t a l  area 

E f f e c t i v e  f i n  l e n g t h  (Lf)  i n .  

H y d r a u l i c  d iameter  (d) i n .  

i n .  

F l u i d  f l o w  l e n g t h  f o r  p ressu re  drop 
(L) i n .  

F l u i d  f l o w  width,  i n .  

W a l l  th ickness,  i n .  

A f  'q 

F l u i d  f l o w  l e n g t h  f o r  heat  t r a n s f e r ,  

E f f e c t i v e  w a l l  t h i ckness  (t,) i n .  

Wa 1 1 conductance ( tw/kAw) Btu/min°F 

I n l e t  and o u t l e t  duct  f l o w  area (AD) 

F i n  e f t e c t i v e n e s s  parameter ("h" i s  
i n  Btu/hr - 'F- f t2  

Braze b lockage width,  i n .  

Flow area w i t h o u t  braze b lockage 
(A)  in. '  

T o t a l  heat  t r a n s f e r  area w i t h o u t  
braze b lockage ( A  ) in .2  

in .  2 

9 
T 

TEST UNIT  GEOMETRY 

Known F i n  Tes t  F ins  

water  a i r  a i r  

20 20 28 

20.25 19.43 27.20 

0.075 0.050 0.050 

0.004 0.006 0.006 

0.100 0.100 0.100 

0.386 0.225 0.2055 

82.7 I 1 8  I34  

0.6068 0.746 0.794 

0.0355 0.066 0.0593 

0.05584 0.0446 0.0361 

3 .0  5.9 5.9 

6.0 6.0 - 

5.9 6.03 6.0 

- 0.025 0.025 

0.0305 0.0307 

- 9.65 9.45 

- 0.78 0.78 

0.0943(h)0*5 0.14(h)0-5 0.128(h)0.5 

0.0 0.242 0.42 

0.386 0.2345 0.22 I 

82.7 I23 I44 
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3 .  TEST SETUP 

The t e s t  u n i t  desc r ibed  i n  S e c t i o n  2 was i n s t a l l e d  i n  a t e s t  s tand  a t  
AiResearch, Los Angeles. F i g u r e  3-1 s c h e m a t i c a l l y  shows t h e  t e s t  u n i t  i n s t a l -  
l a t i o n  and t e s t  i ns t rumen ta t i on ,  and a l s o  t h e  range o f  i n l e t  c o n d i t i o n s .  
I n l e t  and o u t l e t  temperatures, water  temperature r i s e ,  i n l e t  and o u t l e t  s t a t i c  
pressures, and a i r  and water  s t a t i c  p ressu re  d i f f e r e n t i a l s  were d i r e c t l y  meas- 
ured and manual ly  recorded. Chromel-alumel thermocouples were used i n  con- 
j u n c t i o n  w i t h  a po ten t i omete r  f o r  temperature measurement. Water o r  mercury 
manometers, d i f f e r e n t i a l - p r e s s u r e  bel lows, and bourdon tube p ressu re  gages were 
used for  p ressu re  measurement. Water f l o w  was measured w i t h  a t u r b i n e - t y p e  
flowmeter, and a i r f l o w  was measured w i t h  s tandard l a b o r a t o r y  a i r f l o w  measuring 
s e c t i o n s  u t i  1 i z i n g  sharp-edged o r i f i c e s .  F igures 3-2 and 3-3 d e p i c t  t he  t e s t  
setup. 
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Figure 3-3. Test  Setup f o r  F i n  Heat T r a n s t e r  and Pressure Drop 
Tes t  A f t e r  I n s u l a t i o n  
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4 .  TEST PROCEDURE 

Flows a t  d e s i r e d  i n l e t  temperatures and pressures were es tab l i shed .  The 
p r imary  v a r i a b l e s  were h o t  a i r f l o w  r a t e s  i n  t h e  t e s t  f i n s ,  which were v a r i e d  
t o  p r o v i d e  a broad range o f  Reynolds number data.  I n i t i a l  system checkout 
t e s t s  a t  low water  f l o w  r a t e s  were performed t o  o b t a i n  a heat  ba lance and 
demonstrate i n s t r u m e n t a t i o n  consis tency.  A t e s t  t o  determine hea t - l eak  was 
run  w i t h  a i r f l o w  a t  a range o f  i n l e t  temperatures and f l o w  r a t e s  commensurate 
w i t h  t h e  average temperature range of t e s t s .  I so the rma l  pressure-drop t e s t s  
were then performed w i t h  ambient temperature a i r  i n  a range o f  f l o w  r a t e s .  
These f l o w  r a t e s  were l i m i t e d  on t h e  low s i d e  by p ressu re  drops so  smal l  as 
t o  be i ncompa t ib le  w i t h  reasonable data accuracy, and l i m i t e d  on t h e  h i g h  
s i d e  by t e s t  u n i t  chok ing  a t  maximum t e s t  f a c i l i t y  i n l e t  pressure.  

Data was ob ta ined  f o r  heat t r a n s f e r  and p ressu re  drop performance t e s t s  
w h i l e  u s i n g  h i g h  temperature a i r  a t  f l o w  r a t e s  which were l i m i t e d  on t h e  low 
s i d e  by data inaccuracy due t o  a i r - s i d e  e f fec t i veness  n e a r l y  equal t o  one; and 
on t h e  h i g h  s i d e  by da ta  inaccuracy due t o  w a l l -  p l u s  w a t e r - t o - a i r - t h e r m a l  con- 
ductance r a t i o  below two, as w e l l  as by choked-f low w i t h  a i r  a t  t h e  system 
maximum i n l e t  pressure.  The thermal performance t e s t s  were run  a t  a h i g h  water  
f l ow  r a t e  i n  o r d e r  t o  m in im ize  c r o s s f l o w  e f f e c t s  and s e n s i t i v i t y  o f  data t o  
u n c e r t a i n t i e s  i n  p r e d i c t i o n  of  water  thermal conductance i n  t h e  known f i n .  A t  
i n t e r v a l s  d u r i n g  t h e  t e s t  a low water  f low r a t e  was used t o  p r o v i d e  s i g n i f i c a n t  
water temperature changes, and t o  p r o v i d e  a check on data r e p e a t a b i l i t y  and 
i n s t r u m e n t a t i o n  cons is tency  i n  terms o f  a heat balance. 
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5. TEST RESULTS 

5.1 SUMMARY OF RESULTS 

The heat t r a n s f e r  and p ressu re  drop performance o f  t h e  nominal 20R and 
28R f i n s  a r e  shown i n  F igures 5-1 and 5-2 r e s p e c t i v e l y ,  as heat  t r a n s f e r  f a c t o r  
and f r i c t i o n  f a c t o r  vs Reynolds number. For comparison, t he  des ign curves t h a t  
have been used throughout  t h e  HRE a n a l y t i c a l  des ign work a r e  shown. The Mach 8, 
88,000-ft a l t i t u d e  des ign  p o i n t  Reynolds number range i s  f rom 5,000 t o  46,000 
f o r  t h e  28R f i n ,  and f rom 12,000 t o  100,000 f o r  t h e  20R f i n .  The f r i c t i o n  fac- 
t o r s  f o r  t h e  28R f i n  a r e  f rom 70 pe rcen t  t o  57 percent  o f  those used f o r  design, 
w h i l e  t h e  heat  t r a n s f e r  f a c t o r s  a r e  from 97 pe rcen t  t o  100 percent  o f  t h e  
des ign values. The f r i c t i o n  f a c t o r s  f o r  t he  20R f i n  a r e  f rom 77 percent  t o  73 
percent  o f  those used f o r  design, w h i l e  t h e  heat  t r a n s f e r  f a c t o r s  a r e  f rom I15 
percent  t o  130 percent  o f  those used f o r  design. The heat  t r a n s f e r  f a c t o r  
des ign l i n e  i s  20 pe rcen t  below t h e  t e s t  data f rom F i g u r e  10-61 o f  Reference 
5-1 f i n  geometry, w h i l e  t h e  f r i c t i o n  f a c t o r  des ign l i n e  i s  20 percent  above 
t h e  r e f e r e n c e  t e s t  data.  These margins were adopted a t  t he  program o u t s e t  t o  
accommodate t h e  expected performance o f  t h e  6 - m i l - t h i c k  f i n s .  The t e s t  da ta  
from F i g u r e  10-61 o f  Reference 5-1 has a maximum Reynolds number of  3,000 f o r  
t h e  heat  t r a n s f e r  f a c t o r  and 4,000 f o r  t h e  f r i c t i o n  f a c t o r , b o t h  o f  which a r e  
below t h e  des ign  p o i n t  range f o r  t h e  HRE. The f i n s  f o r  t h e  reference t e s t  
data were r e c t a n g u l a r , w i t h  20 f i n s  p e r  i nch  o f  width,  a h e i g h t  o f  125 m i l s  
between p la tes ,  and o f f s e t  l e n g t h  o f  125 mi l ,and were formed f rom 4 - m i l - t h i c k  
n i c k e l .  

5.2 TEST DATA 

P r i o r  t o  c o l l e c t i n g  heat t r a n s f e r  and p ressu re  drop data, heat  leak, heat 
balance and isothermal  a i r  p ressu re  drop da ta  were obta ined.  P a r t i a l l y  reduced 
heat t r a n s f e r  and p ressu re  drop t e s t  d a t a  a r e  i nc luded  i n  Tables 5-1 and 5-2 
f o r  t h e  nominal 20- and 2 8 - f i n s - p e r - i n c h  u n i t s .  The i n d i c a t e d  heat t r a n s f e r  
r a t e s  a r e  based on a i r  data.  To r e l a t e  a i r  da ta  i n  Tables 5-1 and 5-2 t o  
F igu res  5-1 and 5-2 i t  i s  noted t h a t  f o r  a i r ,  T i s  t he  average o f  T and I A I '  

TA2 ' T2 i s  t he  average o f  T and TA7, P ,  A6 A3' 
i s  PA2, and AP i s  P minus P 

A2 
For water,  T i s  the average o f  T 

measured d i f f e r e n c e  between T 

and Tw3, and T2 i s  T ,  minus the d i r e c t l y -  I W I  
and Tw2. w5 

Hest l e a k  through t h e  i n s u l a t i o n  t o  ambient a i r  was measured i n  terms o f  
a i r  temperature drop w i t h o u t  wa te r  f l o w  a t  a near maximum a i r f l o w  r a t e  o f  I O  
lb /min and w i t h  a i r  i n l e t  temperatures f rom 622' t o  244OF. 
drop was f rom I. 53' t o  0.72OF, e q u i v a l e n t  t o  f rom 0.4 t o  0.7 pe rcen t  o f  t h e  
temperature drop and heat t r a n s f e r  r a t e  w i t h  water  f low. T h i s  heat  l eak  was 
n o t  s u b t r a c t e d  f rom t h e  t o t a l  heat  t r a n s f e r  r a t e  for  any o f  t h e  data analyses 
r e p o r t e d  here. 

The a i r  temperature 

AIRESEARCH MANUFACTURING COMPANY 
Los Angeles Caldorn8a 
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TABLE 5-1 

HEAT TRANSFER AND P R E S S U R E  DROP 
TEST DATA FOR THE 20R F I N  

w , 
b/mi  n 

I .  835 

I. 835 

2.  134 

2.135 

2.303 

5.302 

2.525 

2.525 

2.628 

2.631 

2.974 

2.974 

3.556 

3.559 

4.522 

4.520 

5.528 

5.529 

6.520 

6.520 

I .  524 

I .  524 

1.516 

1.517 

3.096 

3.096 

0.821 

0.821 

O F  

519.2 

519.2 

508.3 

508. I 

509.6 

509.7 

51 1.4 

51 1.3 

501.0 

501.3 

592.6 

503.6 

61 0.9 

61 I. I 

614.6 

614.6 

616. I 

616. I 

61 7 .7  

617.9 

595.3 

595.4 

607.9 

607.8 

601.6 

602.5 

608.7 

609. I 

A i  r 

T 2 j  
O F  

127. I 

127. I 

136.2 

136.3 

142.0 

142.4 

149.8 

149.5 

152. I 

152. I 

162. I 

162. I 

180. I 

179.9 

204.7 

204.3 

226.4 

226.3 

246.0 

246.0 

116. I 

116.5 

123.0 

122.9 

179.9 

180.7 

104.7 

104.0 

j 

in. Hg abs 

351.2 

351.2 

351 .O 
351 .O 
349.4 

349.4 

349.4 

349.4 

352.9 

352.9 

351 .O 
351.0 

348.6 

348.6 

347.8 

347.8 

346.5 

346.5 

348.4 

348.4 

59.56 

59.56 

60.38 

60.38 

342.7 

342.7 

60.07 

60.07 

APA, 

in. Hg 

2.684 

2.684 

3.596 

3.594 

4.196 

4.184 

5.067 

5.067 

5.494 

5.490 

6.97 

6.792 

IO. 14 

I O .  19 

16.87 

16.87 

25.70 

25.70 

38.96 

38.96 

8.527 

8.527 

8. 171 

8. 17 

7.974 

7.974 

2.552 

2.552 

Q 
B t u / m i  n 

220.7 

220.7 

246.3 

246.2 

263.3 

263.0 

285.1 

285.2 

288.5 

288.9 

313. I 

321.2 

375.3 

375.9 

454.7 

455.0 

528.9 

529.2 

595.6 

595.9 

178.2 

178. I 

179.6 

179.6 

31 9.6 

319.7 

101.1 

101.2 

T M j  

OF ' 

279.0 

279.2 

288.7 

288.9 

296. I 

296.2 

305.7 

305.3 

305. I 

305.2 

31 3.5 

316.8 

336.2 

336.4 

360. I 

359.7 

378.9 

378.8 

395. I 

395. I 

257.3 

257.7 

264.6 

264.7 

332.0 

333.2 

225.9 

225.5 

later 
w, 
b/mi n 

91.00 

90.69 

86.89 

86.89 

86.59 

88.19 

88.59 

88.19 

88.19 

88.00 

86.69 

86.39 

91.89 

91.89 

91.59 

91.59 

89.50 

89.5 

89. 19 

89. 19 

89.50 

89.50 

92.09 

92.09 

40.00 

40.00 

91.89 

91.89 

j 

O F  

84.7 

84.28 

84. 15 

83.89 

84.34 

84.95 

84.39 

84.67 

85.21 

85.15 

84.84 

84.95 

87.58 

86.80 

87.84 

87.82 

88.73 

88.91 

89.82 

90.17 

83.99 

84. 19 

92.06 

91.84 

92.00 

91.58 

93.54 

92.86 

T2 
OF 

86.89 

86.5 

86.76 

86.5 

87.21 

87.73 

87.47 

87.58 

88.34 

88.19 

88.19 

88.43 

91.32 

90.50 

92.54 

92.47 

94.34 

94.34 

96.13 

36.47 

85.86 

85.97 

93.76 

93.54 

99.78 

99.28 

94.41 

93.73 

AIRESEARCH MANUFACTURING COMPANY 
Los Angels. California 
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TABLE 5-1 (Cont i nued) 

92.19 

93.65 

90.84 

91.65 

99.86 

100.5 

99.28 

98.52 

101.45 

101.5 

102.7 

102.5 

102.9 

102.2 

104.3 

104.0 

I 07,; 7 

106.2 

~ 

w, 
b / m i  n 

0.714 

0.714 

0.605 

0.065 

0.502 

0.502 

0.401 

0.401 

7.778 

7.775 

8.906 

8.906 

9.61 7 

9.61 9 

IO .  57 

IO. 57 

13.14 

13.14 

502.9 

601.8 

594.6 

594.5 

536.2 

579.3 

578.8 

579.8 

226.2 

226.6 

269.8 

269.8 

258.6 

258.3 

259.0 

258.6 

258.9 

258.9 

A i  r 

T2 
OF 

100.2 

100.7 

36.5 

36.60 

103.0 

103. I 

101. I 

100.5 

157.5 

157.7 

164. I 

163.9 

162.7 

162.8 

167.3 

167.0 

175.4 

175.4 

n. Hg abs 

60.24 

60.24 

60.34 

60.34 

60.92 

60.92 

60.65 

60.65 

347.3 

347.3 

346.3 

346.3 

346.9 

346.9 

346.6 

346.6 

347.6 

347.6 

AIRESEARCH MANUFACTURING COMPANY 
Los Angeles Caldornis 

APA, 

in. Hg 

I .97l 

1.971 

I. 463 

I .463 

1.022 

I .  022 

.728 

.728 

37.73 

37.73 

51.20 

51.20 

61.40 

61.40 

76.09 

76.09 

129.3 

129.3 

Q 
Btu/mi n 

87.67 

87.36 

73.58 

73.55 

52.95 

58.30 

46.72 

46.88 

204.3 

204.6 

227.5 

228.0 

221 4 

222.0 

234.4 

234. I 

264.9 

265.2 

T M j  
OF 

216.0 

214. I 

204.8 

202.4 

191.4 

196.6 

190.4 

192.8 

202.5 

202.8 

208.5 

208.4 

203. I 

203.4 

206.6 

206.2 

21 1.8 

21 1.9 

dater 

w, 
I b/mi n 

92.09 

92.09 

92.09 

91.59 

91.89 

91.89 

91.89 

91.89 

91.00 

91.19 

91.59 

91.19 

91.19 

91.19 

91. 19 

91.19 

90.59 

90.59 

T I  , 
OF 

91.5 

92.91 

90.28 

91.08 

99.26 

99.93 

98.76 

97.99 

99.26 

99.34 

100. I 

99.93 

100.3 

99.60 

101.5 

101.3 

104.8 

103.3 

69-5348 
Page 5-5 



TABLE 5-2 

HEAT TRANSFER AND PRESSURE DROP 
T E S T  DATA FOR THE 28R FIN 

w, 
b / m i  n 

11.18 

11.18 

3.780 

3.773 

B. 524 

8.51 8 

7.589 

7.595 

5.579 

5.584 

5.567 

5.567 

4.487 

4.473 

3.630 

3.630 

3.041 

2.691 

2.69 I 

2.589 

2.588 

2.519 

2.519 

I ,  788 

I .  788 

I .  509 

I .  509 

I 524 

TI ’ 
OF 

251.3 

251.3 

251.6 

254.4 

250.0 

250.0 

251.3 

251.3 

590.7 

599.8 

603.9 

606.0 

597.4 

597.4 

595.3 

595.4 

591.8 

589.6 

589.9 

598.9 

599.8 

595.5 

604.4 

590. I 

590. I 

583.3 

583.3 

598.7 

Air  

T2 I 

OF 

146.8 

147.2 

136.2 

136.7 

135.7 

135.5 

131.2 

131.0 

219.8 

219.7 

201.2 

201.4 

183.3 

176.0 

151.0 

151.2 

134.6 

125.6 

125.3 

122.8 

123.0 

120.3 

120.4 

97.44 

96.73 

86.73 

87.59 

83.7 

1. H g  abs 

343.3 

343.3 

344.9 

344.7 

344.3 

343.7 

345.7 

345.7 

342.9 

342.9 

344.7 

344.7 

346.7 

346.7 

346.7 

346.7 

348.4 

347.8 

347.8 

348.4 

348.4 

345.9 

345.9 

348.8 

348.8 

61.2 

91.2 

61.2 

APA’ 
in .  H g  

108.5 

108.5 

60.5 

60.58 

59.93 

57.93 

45.38 

45.38 

46.06 

44.67 

31.62 

31.62 

19.58 

19.58 

12.24 

12.24 

8.466 

7.533 

7.533 

6.982 

6.982 

6.31 5 

6.615 

3.459 

3.439 

I O .  30 

IO. 30 

IO .  36 

Q 
Btu/mi n 

282.2 

281.2 

244.7 

249.2 

235. I 
235.4 

220. I 

220.6 

61 1.5 

61 3.9 

549.6 

552. I 

454.9 

461.5 

394.2 

394.2 

339.6 

304.79 

305.2 

300.9 

301.3 

292.2 

297.7 

214.8 

215. I 

182.6 

182.3 

191.3 

TM’ 
OF 

191.5 

191.7 

184.3 

183.6 

183. I 

183.0 

180.3 

180.3 

369.4 

369.8 

356.2 

357.3 

339.2 

332.3 

308.2 

308.3 

290. I 

278.6 

278.2 

277.6 

278.0 

273.6 

277, I 

241.5 

240.6 

222.0 

222.8 

223.9 

3ter 

W 

Ib/min 

92.4 

93.5 

93.5 

93.5 

92.00 

92.00 

92.25 

92.25 

90.50 

90.50 

90.39 

90.39 

85.56 

85.39 

94 .5  

93.79 

92.19 

93. 19 

93.19 

92. I 9  

92.19 

92.00 

91.79 

86.39 

86.39 

85.00 

85.0 

90.59 

TI ’ 
OF 

73.29 

73.70 

71.31 

72.18 

73.02 

73.56 

72.61 

71.54 

77.4 

76.6 

74. I 1  

73.22 

70.72 

71.29 

68.81 

68.79 

67.06 

68.24 

68.31 

68.24 

68.47 

68.27 

66.45 

65.5 

65.27 

64 .8  

65.49 

61.09 

T2’ 
OF 

77.61 

76.90 

73.98 

75.13 

75.77 

75.81 

75.42 

74.27 

84.0 

83.39 

80.9 I 

79.88 

76.84 

77.24 

73;49 

73.77 

72.34 

72.77 

72.97 

71.77 

71.97 

71.84 

70.04 

68.13 

67.86 

67.27 

67.81 

63.68 

AIRESEARCH MANUFACTURING COMPANY 
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TABLE 5-2 (Continued) 

T2’ 
OF 

64.54 

63.54 

63.97 

62.13 

61.90 

58.47 
58.77 

57.79 

71.5 

71.18 

72.24 

71.68 

62.36 

62.68 

62.59 
62.63 

62.70 

62.86 

62.68 

61.93 

62.18 

63.56 

63.52 

63.47 
63.72 

64. I I 

64.06 
61.38 
61.45 

c 

W f  

1 b/mi n 

I. 524 
1.318 

1.318 

I .  I19 

1 .  I19 

0.920 
0.809 

0.809 

0.594 

0.594 

0.502 
0.502 

12.35 

11.35 

I I .35 
9.949 

9.947 

8.523 

8.523 

7.583 

7.583 
I .  520 

I .  526 

I .  320 
I .32 

I .  120 

I .  12 

0.923 

0.923 

T I  
O F  

598.5 

593.4 

593.4 

588. I 

588. I 

580.9 

572.7 

572.4 

581.2 

581. I 

570.5 

570.3 

234.0 

232.5 
232.4 

249.6 
249.8 

249.6 

249.6 
249.3 

249.5 

596.3 

596.3 

593. I 
593. I 

587.8 

587.8 
591.6 

592.7 

A i  r 

T2 j 
OF 

37.82 

79.34 

77.86 

72.87 

72.83 

56.90 

53.06 

52.93 

72.92 

73.46 

72.78 

72.19 

139. I 

132.5 

132.4 

I 33.9 

134.0 

127.8 

128. I 
122.8 

122.7 

83.69 

84.75 

79.24 
79.53 

74.90 

75.21 

68.65 

68.33 

in. Hg abs 

61.20 

61.20 
61.20 

61.20 

61.2 
61.60 

61.20 

61.20 

60.99 

60.99 

60.99 

60.99 

365.5 

375.7 

375.7 

347.8 

347.8 

349.8 

349.8 

347.8 

347.8 
58.75 

58.75 

58.95 

58.95 

56.50 

56.9 I 

57.93 
58.13 

APA’ 
in. Hg 

10.36 

7.658 

7.658 

5.563 

5.563 

3.836 

3.072 

3.072 

I .947 

I. 947 

1.455 

I .  455 

148.9 

114.4 
114.2 

80.57 

80.57 

56.9 I 

56.9 I 
22.19 

22.19 

I O .  56 

I O .  56 

8.00 
8.00 

6.027 

6.027 
4. 130 

4.138 

Q 
8tu/min 

190.9 

165. I 
165. I 

140.5 

140.5 

115.2 

100.3 

100.3 

73.61 

73.51 

60.85 

60.90 

282.7 

274.2 

274.6 

277.8 

278.2 

250.5 

249.8 

231.5 
231.9 

189.9 

189.5 
165.2 

165.2 

139.9 

139.8 

117.6 
I 18.0 

TMf 
O F  

224.6 
213. 12 
21 2.8 
198.2 

198.7 

187.7 
171.1 

172.3 

166.8 

171. 1 

159.8 

157.9 

180.4 

I75,4 

175.3 

182.8 

182.9 

178.4 

178.7 

174.7 

174.7 
223.0 

225.0 

21 2.9 

212.6 
199.9 

200.8 

187.8 

186.4 

Water 
1 

w, 
b/mi n 

90.59 

91.79 

91.79 

98.89 

98.89 

91.39 
89.00 

89.00 

90.59 

90.59 

90.00 

90.00 

91.29 

89.29 

89.29 

91.75 

91.75 

91.75 

91.75 
91 .OO 
91.29 

90.00 

90.00 

88.69 

88.69 

88.69 

88.69 
89. 19 

89.19 

TI 
OF 

62. I8 
61.54 

61.95 

60.54 

60.18 
56.63 
57.27 

56-81 

70.61 

70.24 

71.29 

70.77 

59.56 

59.84 

59.84 

60.04 

60.04 

60.09 

59.90 

59.63 

59.59 

61.31 

61.31 

61.52 

62.22 

62.40 

62.29 
59.90 

60.09 

AIRESEARCH MANUFACTURING COMPANY 
Cos Angeles. Cahlornla 
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TABLE 5-2 (Continued) 

w, 
b / m i  n 

0.812 

0.825 

0 ,706 

0.706 

0.609 

0.609 

0.504 

0.504 

0.403 

I. 800 

I, 800 

3.63 

9.464 

9.464 

11.62 

11.62 

0.913 

0.913 

0.91 I 

0.91 I 

9.586 

9.57c 

5.519 

5.514 

5.506 

5.506 

5.47c 

5.47c 

TI 
OF 

591. I 

591 .O 
589.6 

590.2 

584. I 
584. I 

579.9 

579.5 

574.0 

61 5.9 

61 5 . 9  

615.3  

61 0 . 4  

608.9 

61 2.0 

61 2.0 

598.9 

598.8 

604.3 

603.5 

275.9 

275.4 

422.9 

422.9 

616.4 

616.7 

81 5.2 

814.6 

A i  r 

T2 
OF 

67.51 

67.27 

64.86 

65.04 

63.27 

63.22 

61.86 

61.45 

60.99 

118.6 

I 18.4 

143.6 

288.3 

283.0 

31 0 .6  

310.4 

91.69 

91.47 

91.78 

91.58 

159.3 

159.2 

172.2 

172.8 

21 8.7 

21 8.4 

267.9 

268.6 

n. Hg abs 

58.24 

58.24 

58.34 

58.34 

58.54 

58.54 

57. I 2  

57.12 

59.15 

346.3 

346.3 

346.0 

347.0 

347.0 

345. I 

345. I 

59.77 

59.77 

59.26 

59.26 

346.7 

346.7 

347.2 

347.2 

346.7 

346.7 

344.7 

344.7 

AP*, 
in. Hg 

3.381 

3.381 

2.638 

2.638 

2.065 

2.065 

I. 624 

I .  624 

0.998 

3. I 89  

3. I89  

6.776 

106.8 

106.8 

203.9 

203.9 

3.785 

3.785 

3.71 I 

3.822 

75.07 I 

75.07 

27.53 

27.53 

31.41 

31.41 

37.94 

37.94 

Q 
Btu/mi n 

~ 

103.5 

105.2 

90.31 

90.38 

77.26 

77.26 

63.56 

63.56 

50.31 

21 8.7 

21 8.8 

303.7 

759.8 

759. I 

863.8 

864. I 

113.00 

113.0 

113.9 

113.8 

207.0 

268.6 

336. I 

335.4 

537.5 

538.3 

745. I 

743.3 

TM' 
OF 

180.2 

179.5 

170.2 

170.3 

162.0 

162.8 

155.3 

153.7 

141.6 

264.8 

264.4 

298.3 

420.8 

419.3 

439.8 

439.6 

205.5 

204.9 

207.7 

205.1 

208.5 

208.2 

269.6 

270.2 

372.3 

372. I 

478.9 

479.3 

later 

w, 
b/mi n 

89.79 

89.19 

89.19 

89.19 

88.69 

88.69 

86.5 

86.5 

87.5 

89.19 

89.50 

88.00 

92.09 

92.09 

90.89 

90.89 

92.09 

92.09 

91.29 

91.29 

90.5 

90.5 

90.00 

90.00 

89.00 

89.00 

88.50 

88.50 

TI 
OF 

61.04 

61.04 

60 .5  

60.8 

60.22 

60.20 

59.80 

59.7 

60.29 

85.73 

85.78 

87.00 

93.65 

93.30 

93.99 

94.52 

83.82 

83.82 

83.47 

84. I 7  

86.4 

86.28 

87.7 

87.71 

90.17 

90.60 

93.52 

93.26 

T2 
OF 

52.36 

62.31 

51.77 

51 .90 

61.45 

61.27 

60.52 

60.4 

60.95 

88.26 

88.21 

90.39 

102. 1 :  

101.7 

103.5 

104. OL 

85.0 

85.-00 

84.56 

85.26 

86.28 

89.06 

91.34 

91.23 

96.00 

96.43 

101.9 

101.6 
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Heat ba lance was determined b e f o r e  and i n t e r m i t t e n t l y  d u r i n g  t e s t  w i t h  a 
nominal water  f l o w  o f  6 Ib /min a t  50' t o  93OF i n l e t  temperature f o r  a i r  f l o w s  
o f  3 lb /min a t  6OO0F i n l e t  temperature and 14 lb /min a t  21OoF i n l e t  temperature. 
The wa te r  temperature r i s e  was about 50'F a t  3 lb /min and 35'F a t  14 lb/min. 
Heat balance i s  d e f i n e d  as  100 (Q - QA)/QA. 

t h e  28- f  i n  u n i t  were - I .  I 5  pe rcen t  t o  4.75 pe rcen t  a t  3 lb/min, and -3.43 p e r -  
cen t  t o  -4.81 pe rcen t  a t  14 lb/min. For  t h e  2 0 - f i n  u n i t ,  heat balances were 
f rom -1.15 pe rcen t  t o  1.82 percen t  a t  3 Ib /min a i r  f l o w  rate,  run w i t h  a water  
f l o w  r a t e  o f  6 lb/min. 

The ranges o f  heat  balances f o r  

I so the rma l  p ressu re  drop da ta  i s  presented as a dimensionless c o r r e l a t i o n  
o f  Fanning f r i c t i o n  f a c t o r  vs Reynolds number i n  F i g u r e  5-3. The range o f  
ambient temperature a i r  f l o w  r a t e  was from 0.2 t o  15 l b /m in  f o r  bo th  u n i t s .  

The use o f  water  f l o w  r a t e s  f rom 85 t o  100 lb /min i n  t h e  known f i n  re -  
s u l t e d  i n  w a t e r - t o - a i r  thermal conductance r a t i o s  f rom 6.9 t o  42 f o r  t h e  20R 
t e s t  f i n ,  and f r o m  5.55 t o  30.2 f o r  t h e  28R t e s t  f i n .  The low w a l l - t h e r m a l  
conductance produced by t h e  combined 2 5 - m i l - t h i c k  H a s t e l l o y  X w a l l s  and t h e  
6 - m i l - t h i c k  f i n  r o o t s  reduced t h e  combined w a l l  p l u s  wa te r - to -a i  r thermal con- 
ductances r a t i o s  t o  t h e  range f rom 1.81 t o  11.23 f o r  t h e  20R t e s t  f i n  and f rom 
I .  74 t o  9.64 f o r  t h e  28R t e s t  f i n .  

5.3 DATA ANALYSIS AND D I S C U S S I O N  

Heat t r a n s f e r  and p ressu re  drop performance was reduced t o  r e l a t i o n s  
between d imensionless parameters, as p l o t t e d  i n  F i g u r e s  5-1 through 5-3. The 
da ta  a n a l y s i s  procedure i s  summarized below: 

(5-1 ) 
dW A i r  Reynolds number i n  t h e  t e s t  f i n  i s  d e f i n e d  as Re = - 
AP 

where d and A a r e  as i n  Table 2-1, p i s  eva lua ted  a t  l og  mean average b u l k  
* temperature f rom F i g u r e  5-4, and W i s  t h e  measured a i r  f l o w  rate.  

Log mean average b u l k  a i r  temperature i s  

LM 
w2 + AT - T W I  + 

'M - 2 

where ATLM i s  t h e  l og  mean d i f f e r e n c e  between a i r  and water  temperatures 

c a l c u l a t e d  f o r  c r o s s f l o w  w i t h  bo th  f l u i d s  unmixed i n  t h e  f i n s  and comp 
mixed i n  t h e  m a n i f o l d s  by t h e  method o f  Reference 5-2. 

F r i c t i o n  p ressu re  drop i s  o b t a i n e d  f rom o v e r a l l  s t a t i c  p ressu re  d 
s u b t r a c t i n g  c a l c u l a t e d  p ressu re  drop due t o  ent rance c o n t r a c t i o n ,  e x i t  
and change i n  f l o w  momentum. The r a t i o  o f  AP /AP was always above 0.9 f 

(5 -2 )  

e t e l y  

OP by 
expans i o n  
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number f u n c t  
f l o w  e f f e c t .  
Mach number, 
p ressu re  and 
a t  measured 

W2 APf = AP - - 
A 2 2 9  

2 ( I  + .25 MI )K, 

P I  

2 
( I  + .25 M2 )K2 

+ 
p 2  

P I  
I + *25 (5-3) 

where en t rance  c o n t r a c t i o n  loss c o e f f i c i e n t ,  KI, = 0.5 and e x i t  expansion l o s s  

c o e f f i c i e n t ,  K2, = 0.49 f o r  t h e  2 0 R  f i n ,  and 0.52 f o r  t h e  28R f i n .  The Mach 
2 

on, ( I  + .25 M ), i s  an approx ima t ion  t o  t h e  i s e n t r o p i c  compress ib le  

M, i s  c a l c u l a t e d  a t  measured l o c a l  i n l e t  and o u t l e t  temperature and 
w i t h  c o r e  f l o w  area, A. The i n d i c a t e d  d e n s i t i e s ,  p, a r e  c a l c u l a t e d  
n l e t  and o u t l e t  c o n d i t i o n s  by t h e  p e r f e c t  gas equat ion.  

The maximum e r r o r  i n  t h e  approx ima t ion  i s  2.5 pe rcen t  a t  Mach I .  

P 
P = E  

Fanning f r i c t i o n  f a c t o r  i s  o b t a i n e d  f rom 
9 

APf d 2 g pM AL 

= , q r q 7  

(5-4)  

(5 -5 )  

i s  eva lua ted  a t  a r i t h m e t i c  average a b s o l u t e  p r e s -  PM' where t h e  s t a t i c  densi ty ,  

sure and l o g  mean average a b s o l u t e  temperature by 

The heat  t r a n s f e r  f a c t o r  f o r  t h e  t e s t  f i n  was c a l c u l a t e d  f rom o v e r a l l  t e s t  
thermal conductance, UA, and c a l c u l a t e d  thermal conductance f o r  t h e  known f i n  
w i t h  water, (To hA)w, as based on t e s t  performance w i t h  a i r .  

O v e r a l l  performance was c a l c u l a t e d  f rom 

w cp ( T I  - T2) 

 AT^^ 
UA = (5-7)  

where t h e  a i r  s p e c i f i c  heat, C , was evaluated a t  t h e  average o f  T and T f rom 

F i g u r e  5-4. The l o g  mean temperature d i f f e r e n c e ,  ATLN, f o r  c ross  f low, was 

c a l c u l a t e d  by t h e  method o f  Reference 5-2. Since t h e  water temperature r i s e  
was so low, t h e  l o g  mean temperature d i f f e r e n c e  was n o t  more than 2 pe rcen t  
below t h e  c o u n t e r f  low- log mean temperature d i f f e rence .  

P I 2 
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The thermal conductance f o r  water  f l o w i n g  i n  t h e  known f i n  was c a l c u l a t e d  
w i t h  geometry from Table 2-1 by 

(5-8)  

where 
j W ,  Cp,/ 

A( P r)2'3 
h = .  

dW w i t h  j o b t a i n e d  f rom F i g u r e  5-5 a t  water  Re = - 
and c p ,  Pr ,  and p, of  wa te r  o b t a i n e d  f rom F i g u r e  5-6 a t  
a r i t h m e t i c  average wa te r  temperature. 

A I  

The e f f e c t i v e n e s s  o f  t h e  known f i n ,  If, was c a l c u l a t e d  by 

0.5 

tanh (2) Lf 
- 

Lf 

T f  - 

(5-9)  

(5-1 0) 

where ( 2  h / k  t ) O S 5  L f  i s  c a l l e d  f i n  e f f e c t i v e n e s s  parameter and i s  noted i n  

Table 2-1 as a f u n c t i o n  o f  heat  t r a n s f e r  c o e f f i c i e n t .  

The thermal conductance f o r  a i r  i n  t h e  t e s t  f i n  was c a l c u l a t e d  f rom o v e r -  
a l l  conductance, water  conductance i n  t h e  known f i n ,  and w a l l  conductance by, 

I 
(5-1 I ) 

where w a l l  thermal conductance, t / k  Aw i s  noted i n  Table 2-1. 

f i n  e f f e c t i v e n e s s  parameters f rom Tab le  2-1 by i t e r a t i n g  w i t h  

W 

The t e s t  f i n  heat  t r a n s f e r  c o e f f i c i e n t  was c a l c u l a t e d  w i t h  geometry and 
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TEMPERATURE, O F  5-50965 

Figure 5-6. Water Properties 
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The heat t r a n s f e r  f a c t o r ,  j, was c a l c u l a t e d  w i t h  t e s t  f i n  a i r - f l o w  area 
from Table 2-1 b y  

2/3 2/3 - h A ( P r )  
- - \  c w j = S t  ( P r )  

P 
(5-1 4 )  

and t h e  f i n  e f f e c t i v e n e s s  paramete'r i s  noted i n  Table 2-1 a5 a f u n c t i o n  o f  
heat  t r a n s f e r  c o e f f i c i e n t .  
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6. CONCLUSIONS 

Bas ic  f l o w  f r i c t i o n  and heat  t r a n s f e r  da ta  i s  now a v a i l a b l e  f o r  t h e  f i n s  
used i n  t h e  h i g h  heat  f l u x  areas and l a r g e  p ressu re  drop zones o f  t h e  regener- 
a t i v e l y  coo led  HRE s h e l l s .  Based on t h i s  data, t h e  f i n  f r i c t i o n  pressure  drop 
f o r  t he  HRE shou ld  be as much as 25 percent  below t h e  va lues  c a l c u l a t e d  d u r i n g  
the  program. The c a l c u l a t e d  c ross -sec t i on  tern e r a t u r e  d i f f e r e n c e  remains a t  
930'R f o r  t h e  peak heat  f l u x  o f  700 Btu/sec ft' a t  t h e  Mach 8, 88,000-ft 
a l t i t u d e  des ign  c o n d i t i o n .  

AIRESEARCH MANUFACTURING COMPANY 
Los Angeles. California 69-5348 

Page 6-1 



REFERENCES 

5-1 Kays, W.M., and A.L. London, Compact Heat Exchangers, Second Edi t ion,  
McGraw-Hi 11, New York, 1964. 

5-2 Mason, J.L., "Heat Transfer  i n  Cross Flow" Proceedings o f  the Second 
U. S. Nat ional  Congress o f  Appl ied Mechanics, ASME, N. Y., 1955, p 801. 

AIRESEARCH MANUFACTURING COMPANY 
L M  Angeler Caldorma 69-5348 

Page R - l  


